The design of a performance measurement system for the Colombian shipyard supply chain is shown in this paper, using a model that integrates the principles of the Balanced Scorecard with the fuzzy sets theory to treat uncertainty associated with selected logistics indicators, enabling better supply chain management.
Modern global environment changed the focus of business rivalry, from a competition between individual organizations to supply chain rivalry. A supply chain is a network consisting of suppliers, manufacturers, warehouses and wholesale distributors, and retailers who -through coordinated plans and activities -develop products that will increase their added value as they flow up the final consumer to meet their needs and requirements. Regardless of the approach, product type or size of operations, supply chain performance is what will determine its ability to generate customer value. Therefore, organizational management requires developing performance measurement systems adapted to the presence of various companies, which is considered one of the most impacting tools on supply chain management (Ballou et al., 2000; Lancioni, 2000) .
Generally, performance measurement has had an intra-organizational approach and although discussions and frameworks appear in the literature about performance measures in supply chains, there is a lack of empirical analysis and case studies on metrics and performance measurement systems within the context of supply chains, more so in the case of Colombia. That is why this paper aims to develop a methodology for designing a performance measurement system for the supply chain in uncertainty environments, in a case applied to the Colombian design, construction, maintenance, and repair of ships and the naval industry. A model integrating the principles of the Balanced Scorecard (BSC) with the fuzzy-set theory to deal with the uncertainty associated with the selected logistics indicators, enabling better supply chain management is proposed.
Fuzzy logic application in performance measurement has had some developments in recent years, especially by various researchers in the Asia-Pacific region. The most relevant works were profusely published from 2000, approximately, starting with Lau et al., (2002) who developed a methodology to analyze and monitor supplier performance in a supply chain based on product quality and delivery time criteria. Ling et al., (2006) developed an indicator to evaluate agility in supply chains by using fuzzy logic to deal with ambiguity because they believe that this is a useful tool for making decisions in which the phenomena are vague and imprecise. The fuzzy indicator focuses on linguistic approach application and fuzzy arithmetic to synthesize fuzzy numbers to obtain the agility index of manufacturing operations. Silva et al., (2007) used fuzzy weighted aggregation to formulate logistics systems optimization problems, which can be extended to different optimization method types like genetic algorithms or ant colonies. Another important work was done by Kanda and Deshmukh (2007) , who applied the fuzzy logic approach combined with AHP in assessing the coordination level among supply chain members. Similarly, Ohdar and Kumar (2004) developed a fuzzy methodology based on genetic algorithms for supplier performance evaluation.
This article is structured as follows: first, a description of shipyard supply chains and a conceptual review of performance measurement in supply chains are made. Then, we present the evolution of research on the subject through the different approaches that have had scientific production on the issue. Thereafter, we establish the proposed methodology, the theoretical aspects, and the application form. Lastly, we show the results obtained by applying said methodology and their analysis is made along with the conclusions.
Implementing supply chain management initiatives requires classifying them according to the specific market characteristics and the life cycle of products, industry type, as well as degree of product customization, business strategy, and organizational skills.
Incorporating advanced techniques of production planning has allowed the construction of boats from subunits or modules with pre-integrated facilities and systems, which are combined to form the vessel. A repair shipyard performs various activities, which require high flexibility and adaptability to customer needs. Naval, maritime, or fluvial construction or repair projects are divided into a number of subprojects conducted generally by contractors, which must deliver a ship´s operating area. This must consider operations, shipyard supply chain performance engineer-to-order (ETO) and made-to-order (MTO) operations. In ETO chains, the critical point is the design stage so that each order (ship building or repair in the shipyard) has a particular design stage (Gosling and Naim, 2009 ) largely determined by the customer, and develops simultaneous multiple products with different specifications and stages of the manufacturing process (Abdul and Nabi, 2003) . In MTO chains, the critical point lies in the manufacture and purchase of raw materials and inputs (Olhager, 2003) and reducing delivery time is not a fundamental purpose because of the disparity of these depending on the intervention need.
Delivery time of supplies and spare parts is a critical point in repair projects because of their short duration (from seven to fifteen days or so) and there is high demand for deadline compliance from the customer. Out-of-service ship fixed costs are very high (crew salaries, ship affreightment), days of shipyard cost, and lost transport service billing are loss factors for ship owners. It is also quite common to make adjustments to initial materials and supplies requisition as requirements vary during development of repair activities.
Based on relationships and materials flow between facilities, in general, shipyard supply chains may be convergent ( Fig. 1 ), given that each node or facility has more than one successor, but may have any number of predecessors (Beamon and Chen, 2001) . Usually, shipyards do not have a commercial distribution system of repaired or built vessels; the product is delivered in the shipyard to ship owners who carry it to the final destination. The shipyard may assume a dominant position because it is the backbone of the supply chain, by determining the operations and performance, making a network organization in an Extended Enterprise (Capó-Vicedo et al., 2007; Lehtinen and Ahola, 2010) . Monitoring, measurement, analysis, and improvement of corporate strategy require using appropriate tools that reflect the reality in the deployment of that strategy, both internally and in interaction with the other members of the supply chain. Various methods to evaluate supply chain performance and organizations have been proposed over the years; however, most do not have a balanced approach and focus on financial indicators, b they are not suitable for new generations of applications in supply chain management.
The need for performance measurement tools at different levels of decision making and a balanced approach led Kaplan and Norton (1992) to propose the BSC as a means to evaluate the performance of an organization from four different perspectives: customer, financial, internal processes, and learning and growth.
Originally, te BSC concept was essentially a measuring tool. It then evolved into a comprehensive strategic implementation tool. Today, BSC is a performance management system that aligns and focuses organization efforts and resources, using performance indicators to drive strategies and create long-term value. BSC application in supply chain management is structurally similar to the traditional model of corporate management; the difference is that the indicators must be designed to fully evaluate supply chain performance and not only intra-organizational level.
Information lack and information excess create uncertainty and imprecision. Due to growing availability of qualitative information for performance measurement is more practical and easy to measure supply chain performance in linguistic terms, including vagueness concept (Wang, 2010) . Therefore, performance measurement becomes an important area for fuzzy set theory application incorporating quantitative and qualitative measurements (Ammar and Wright, 2000) .
Fuzzy logic is a multivariate logic allowing a more practical way to address problems as they occur in the real world. It originates from the fuzzy sets theory proposed by Zadeh (1975) , which represents a generalization of the classical sets theory and applies to concepts that can take any truth value in a set of values ranging between absolute truth and total lie. The fuzzy sets foundation is the fact that the building blocks of human reasoning are not numbers but linguistic labels; thereby, fuzzy logic emulates this feature and uses approximate data to find precise solutions.
The fuzzy-set theory strength lies in its ability to provide an alternative framework to modeling imprecision. This allows looking at the vague and possibility concepts separated from the random or probabilistic uncertainty (Klir and Yuan, 1995) . A fuzzy set is defined by a function that varies between 0 (false) and 1 (true), which assigns the membership degree of each element in a set. The shape of the membership function can be linear (triangular or trapezoidal) or nonlinear (Gaussian, generalized Bell, sigmoid, gamma, etc.,) depending on the nature of the system studied (Kaufmann and Gil, 1993) . The membership degree represents the degree to which expert opinion places an item in the set. An element can belong to more than one set with different membership degrees, allowing gradual transition between adjacent sets.
In the BSC traditional formulation, the variables are represented by using numerical values and ignoring the fact that, in practice, they are affected by imprecision and vagueness and need to incorporate, in many cases, qualitative variables in measuring performance, hindering mathematical modeling to obtain a specific result to facilitate decision making. To solve this problem and incorporate uncertainty and approximate reasoning in real applications to measure performance in the supply chain studied, a fuzzy logic model is integrated onto the BSC methodology.
The proposed Fuzzy BSC Model has two major components: a knowledge-based and fuzzy processor (Fig. 2) . The selection of indicators requires a preliminary stage of literature review and/or consultation with experts on BSC implementation in measuring supply-chain performance and appropriate fuzzy logic models, followed by a stage of contextualization and benchmarking with industry to determine acceptance levels that will serve as input to construct the fuzzy sets and associated membership function with each indicator and then construct the fuzzy rule base necessary for fuzzy processor. The application of the Fuzzy BSC Model was carried out by following the steps: selection of indicators, definition of fuzzy inference method, design of the fuzzy rules system, and defuzzification.
Selection of indicators
The selection of appropriate performance indicators to measure shipyard supply-chain performance is a critical step in the Fuzzy BSC Model application due to the complexity of business Table 1 .
Fuzzy Inference Method
A fuzzy inference method allows deriving conclusions (fuzzy value) from IF-THEN rules set and input-values set to the system by applying the composition ratios. The two most important methods of inference are the Mandani-type model, the most commonly used and introduced by Mandani and Assilian (1975) , and the TakagiSugeno-Kang (TSK) model proposed by Sugeno and Takagi (1985) .
The main difference between these two methods is the type of consequence in fuzzy rules. While the Mandani systems use fuzzy sets as a consequence of the rule, the TSK systems employ linear functions of input variables. In this paper, the Mandanitype inference system is used because its outputs are continuous values, while the TSK systems are discrete data.
Fuzzy Inference Rules
The definition of the rules is the most important stage in the design of the Fuzzy BSC Model as embodying the opinion of experts and/or analysis of historical information. This model contains four rule sets for the perspectives and one rule set for global supply-chain performance indicator. The construction of the rules system was made by developing a conclusions matrix by considering all possible combinations of inputs and assigning a conclusion to each. Customer perspective, for example, is evaluated in three input variables (new customers sales, customer satisfaction and sales compliance), which have three fuzzy categories (low, medium and high); therefore, there are 33 = 27 possible combinations in the matrix of definition of fuzzy rules (Table 2) . Values in the cells represent the consequence of describing each combination and correspond to the linguistic categories or labels of fuzzy subsets of the output variable, and "L" corresponds to low, "ML" is medium-low, "S" is standard, "MH" is medium to high, and "H" is high. These labels apply to the definition of rules in the remaining four rule sets.
Any cell in Table 2 
Conclusions

Defuzzification
The result of the inference process is a set with a fuzzy distribution as response. However, because generally specific responses are used to facilitate decision making, it is necessary to remove the fuzziness to obtain a crisp number. The literature describes various methods to eliminate fuzziness as the center of the area, bisecting the area, smaller than maximum or larger than maximum (Jang et al., 1997) . The appropriate method depends on its degree of adjustment to considerations and constraints of the application.
The center-of-area method is one of the most commonly used and was used in this study because of its continuity and because it calculates the overlap area only once, unlike other methods. The specific value of the performance indicators for each perspective and global supply-chain performance indicator were generated by finding the center of gravity of the membership function of respective fuzzy outputs. Analytical development and calculations were performed by using the Matlab© Fuzzy Toolbox.
Global Supply-Chain Performance Indicator
The computational results of applying the Fuzzy BSC Model for shipyard supply-chain performance measurement are shown in Figure 3 . The BSC perspective indicator results (Customer = 75%, Financial = 85%, Internal process = 78%, and Learning and Growth = 92%) and global shipyard supply-chain performance indicator (75.9%) may be interpreted as the degree to which the supply chain achieves the goals and objectives of supply chain management within each perspective and globally.
Performance measurement is an essential element in planning, control, and decision making of Fuzzy logic provides a new approach to modeling the uncertainty that characterizes supply chain management. Furthermore, it is considered easier to apply and adapt compared to conventional approaches, especially when there is a large number of input data.
Modeling indicators using fuzzy logic should not be approached as a way to compare results with classical logic because the former is an extension of the second and there should be no contradiction between the results with either approach. The difference is that fuzzy logic allows for an extension of the information obtained and increased ability to represent vague or uncertain phenomena.
The application of the proposed Fuzzy BSC Model allowed obtaining specific numerical values like BSC perspective indicators and global performance indicators in the supply chain studied. This model has a systematic structure that allows easy adaptation to other supply chain types or other business management problems.
